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ABSTRACT  Tlie  steroidal  saponins  elaborated  by  mem¬ 
bers  of-the  echinodcrindatnily  of  sea  animais  (e.g.,  sea  rueum- 
bers  and  starfish)  are  characterized  by  die  principal  structural 
elements:  /)  a  complex  steroid  nucleus;  2), a.  series  of  closely 
related- sugars  attached  glycosidically  to  the  3-position  of  the 
steroid;  and  3)  a  negative  charge  locus  imparted  by  esterifica¬ 
tion  of  a  sugar  hydroxyl  group  with  a  sulfuric  acid  moiety.  The 
anionic  saponins  are  surfactants,  and  highly  irreversible  in 
\thcif-dcstruction  of  cxcitability=at-a  chothkrgic  neuromuscular 
junction.  Their  efficacy  and  specificity  in  neuromuscular 
junction  blockade  appear  to  be  closely  li  ik'cd  to  the  polarity 
of  u.  sugar-residues,  and  to  a  require  men.  for  negative  charge 
in  order  to  achieve  maximum  irreversibility  in  tissue  interac¬ 
tions.. Further,  it  has  been  found  that  the  degree  of  their  effects 
aiuTtheir  irreversibility  in  neuromuscular  junction  blockade 
are  a  sensitive  function  of  both  die  total  pressure  under  which 
the  neuromuscular  tissue  operates,  and  of  the  degree  of  load 
against  which  the  muscle  works.  These  observations  are  inter¬ 
preted  in  terms  of  potential’s ites  and  characteristics  of  the  tissue 
chemoreceptor  elements  inactivated  by  the  aiiimal  saponins. 
— Fru.ss,  S.  In-Mode  of  action  of  marine  saponins  on  neuromus¬ 
cular  tissues.  Federation  I’roc.  31:  1 1 46-1 119,  1972. 


An  lntbrestino  grouj*  of  animal  saponins  is. elabo¬ 
rated  by  certain  poisonous  species  of  marine  cchino- 
derjns,  especially  among  sea  cucumbers  (family  Holo- 
thurioidca)  and  starfish.  These  toxins  are  found  as 
complex  mixtures  Of  Steroid  glycosides  -in  which  a 
single  hydroxyl  function  of  a  glycosylating,  sugar  residue 
has  generally  been  est'nfied-with  a/sulfuvic  acidnnoicty 
to  yield  an  anionic  charge  locus  on  the  sugar  chain. 

A  particularly  well-studied'  example  of  this  class  of 
toxins-  is  the  principle  isolated  from  the  Caribbean  sea 
cucumber-  Ac(uu>pyga  agassid  Selenka,  anti  crystallized 
to  high  purity  in  tfieforimof  a  sodium  salt  designated 
as  Holbthurin  A  by  Chanfey  and-  liR  colleagues  (2). 
Extensive  work  (3)  on  the  structure  of  the  major- aglyv 
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cone  residue  and  the  sugar  content  of  this , principle 
leads  to- a. provisional  formulation  of  the  structure  of  a 
representative  .[component  as  jn-.-F.ig.  1.  The  crystalline 
toxin,  hereinafter  designated  as- Mr  to  emphasize  its 
:  negative-charge  characteristic,  is  seen- to  con  tain  ,  a  lin¬ 
ear  array  of  glycosylating  sugars  related  Meredchcmi- 
cally  to  D-glucbsc;,\vvith  the  interesting  inclusion  cif  the 
sugar  b-quinoyosoun  yVhich  the  C6  lerminaL-carbon  is 
fully  reduced  to  the, low- polarity  -CMS  function.  Such 
•terminally  reduced  sugars  arc  met  commonly  in  admix¬ 
ture  with  normal  sugars  in  the  cchihoderm  saponins, 
with  notable  examples  to  be  found  ah  toxins  from  the 
Japanese  starfish  Aster  ids  amurtnsis  (9,  10),  which  con¬ 
tain  either,  n-quinovosc  or  p-fucose  (terminally  reduced 
D-galaciosc).  The  point -is  of  some-significance,  since  it 
has  been  noted -that  the  relative  activity  of  a  given  sap¬ 
onin  in  blockade  of  a  cholinergic  neuromuscular  prep- 
•aration  is  in  part  related  to  the  number  and  nature  of 
the  sugar  residues  attached  to  the  steroid  nucleus. 

The  present  report  is  concerned  with  the  results  of 
studies  on  tlie  -  interactions  of  these  steroidal  saponins 
with  neuromuscular  tissues,  under  normaland  stressful 
environmental  conditions. 

METHODS  AND  RESULTS 

Principal  studies.pn  the  medianisiny.pf.nueraction  of 
echinodcrm  saponins  with  a  model  neuromuscular  tis¬ 
sue  have  empoyed  the  phrenic  nerve-diaphragm  prep¬ 
aration  (PiN-£>)5  from  tlu  rat, .working, in  vitroin  cither 
isotonic  or  isometric  mode.  Basic  features  of  the  execu¬ 
tion  and  use  of  the  preparation  follow,  tlie  classical 
procedures  established  by  Btilbring  (!)  Modification  of 
die  apparatus  to  accommodate  function  of  U  issue  in 
a  ’hyperbaric  gaseous  environment  (He/N  j/Oc/GO:) 
as  been  described  recently  (5).  Afurthcr  alteration  of 
tlie  pressure  chamber  interior  to  permit  deployment  of 
a  Ringer  solution  of  toxin  in  a  holding  funnel,  arid  a 
magnetic  valve  device  to  regulate  its  addition  to  the 
gassed  tissue  bath  under  high  pressures,  was  readily 
effected. 

Early  findings  (4,-8)  with  lloloihurin  A  and  tlie 


*  Abbrcvi.iuuiis.  I’M  U.  phrenic  mrve  di.iphi.tgnt,  Dell,  dc- 
sulf.tlcd  ncuu.il  ilciii.ilnv,  11  ,  Huli.thuiin  A,  N  twitch,  indirectly 
elicited  (witch,  M-twitch,  directly  elicited  twitch. 
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”  *""*«’  ^  xhe  steroidal  saponins  elaborated  by  members  of  the  echinoderm  family  of 
sea  animals  (e.g.,  sea  cucumbers  and  starfish)  are  characterized  by  the  principal 
structural  elements:  1)  a  complex  steroid  nucleus;  2)  a  series  of  closely  related  sug¬ 
ars  attached  glycosidically  to  the  3-position  of  the  steroid;  and  3)  a  negative  charge 
locus  imparted  by  esterification  of  a  sugar  hydroxyl  group  with  a  sulfuric  acid  moiety. 
The  anionic  saponins  are  surfactants,  and  highly  irreversible  in  their  destruction  of 
excitability  at  a  cholinergic  neuromuscular  junction.  Their  efficacy  and  specificity 
in  neuromuscular  Junction  blockade  appear  to  be  closely  linked  to  the  polarity  of  the 
sugar  residues,  and  to  a  requirement  for  negative  charge  in  order  to  achieve  maximum 
irreversibility  in  tissue  interactions.  Further,  it  has  been  found  that  the  degree  of 
their  effects  and  their  irreversibility  in  neuromuscular  junction  blockade  are  a  sensi¬ 
tive  function  of  both  the  total  pressure  under  which  the  neuromuscular  tissue  operates, 
and  of  the  degree  of  load  against  which  the  muscle  works.  These  observations  are  in¬ 
terpreted  in  terms  of  potential  sites  and  characteristics  of  the  tissue  cheraoreceptor 
elements  inactivated  by  the  animal  saponins.  j 
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no.  1.  Provisional  structure  of  the  major  component,  of  llolo- 
tlnirm  A. 

PN  D  preparation  working  in  isotonic  mode  pointed  to 
the  high  potency  of  die  anionic  saponin  at  an  incuba¬ 
tion  level  of  1.0  X  10-1  m,  in  an  action  pattern  char¬ 
acterized  by:  1)  the  development  of  a  powerful  con¬ 
tracture  which  is  partially  alleviated  in  time  and  further 
relieved  on  washing;;  \nd  2)  the  fast,  irreversible  block¬ 
ade  'of  indirect  (N  = )  twitch  responses,  with  a  some¬ 
what  slower  , reduction  in  amplitude  of  the  directly 
elicited  (M  =  )  twitch.  Further  study  revealed  that  the 
irreversibility  of  twitch  blockade  produced  by  1 1"  could 
be  mitigated, -ripprec'  »bly  by  preincubation  of  the  PN  -D 
preparationywitii  trace  concentrations  of  classical  non- 
phosphorylating  anticholinesterases,  such  as  >physo- 
stigmine,  neostigmine,  or  galanthamine.  At  tissue  bath 
incubation  levels  of  these  agents  (e.g.,  5  X  10",n  m  for 
physostigmine)  far  below  those  tit  which  they  produce 
direct  effects  on  tissue  responses,  a  remarkable  degree 
of  concentration-related  protection  against  the  irrevers¬ 
ible  facets  of  N-twitch  blockade  by  1.0  X  I0-* m  IT  is 
seen.  In  general,  the  protective  effect  exerted  by  a 
given  protective  agent  (Fro*)  present  in  the  tissue  bath 
before  addition  of  I!"  starts  at  concentrations  below 
those  at  which  Pro"*  is  .mtiesterasic,  rises  to  an  optimum 
degree  of  protection  at  a  concenttation  char¬ 

acteristic  of  each  specific  protector,  and  falls  again  as 
the  solution  concentration  of  Fro*  is  further  raised  be¬ 
yond  its  optimum  or  peak  value.  For  the  three  protec¬ 
tive  agents  tested,  the  values  of  CJ„llt  appear  to  be  re¬ 
lated  linearly  to  the  anticholinesterasic  potencies  of  the 
agents,  as  measured  by  Cy,  values  for  inhibition  of  the 
acetylcholinesterase  acetylcholine  system  in  vitro. 


These  findings  led  (8)  to  the  formulation  of  a  re¬ 
ceptor  model  for  sites  at  the  rat  PN-D  myoneural 
junction,  susceptible  to  H~  attack  and  amenable  to 
partial  protection  by  charged  Pro+  protective  species. 
This  model  is  sketched  in  Fig.  2,  which  depicts  Ei  sites 
as  AGUE  or  AChE-likc  loci,  and  nearby  or  contiguous 
F|  sites,  as  those  destroyed  irreversibly  by  attack- of  the 
anionic  H’  species.  In  this  model,  the  binding  of  Pro-1* 
species  at  Ej,  and  the  simultaneous  presence  of  nega¬ 
tively  charged  IT  species  bound  at  Fi  (in  a  trodc  that 
normally  leads  to  irreversible  destruction. at  Fi),  brings 
bound  Pro1'  and  H~  ions  to  appropriate  spatial  separa¬ 
tion  distance  for  weak  iot:  pairing  via  electrostatic  in¬ 
teraction.  Such  pairing  is  pictured  as  leading  directly 
to  a  diminution  in  the  strength  of  the  IT-F i  interact 
•lion  presumably  underlying  any  surface  alteration  inJ 
cluced  at  Fi,  in  a  sparing  action  just  sufficient  to  negate 
the  destruction  of  F  loci  by  IT,  but  not  strong  enough 
to  cause  disruption  of  the  primary  adsorption  of  IT 
species  to  F  loci  leading  to  the  observed  reversible  block¬ 
ade  of  the  N-twitch  in  the  presence  of  Pro*  and  IT. 
Finally,  the  model*  also  rationalizes  the  finding’ of  dec¬ 
rements  in  protective  effect  exerted  by  Pro'1'  at  concen¬ 
trations  in  excess  of  C„,„  by  the  concept  that  excessive 
numbers  of  Pro+  ions  bound  at  the  Ei  surface  could 
conceivably  deform  it  by  mutual  repulsion  of  like 
charges,  and  disrupt  the  favorable  contiguity  between 
Ei  and  Fi  surfaces. 

The  receptor  model  in  Fig.  2  also  accommodates 
findings  (7)  on  reduced  potency  of  the  desulfatcd,  neu¬ 
tral  derivative  (Dell)  of  the  natural  toxin  1 T.  Removal 
of  the  anionic  charge  center  from  the  saponin  increases 
the  concentration  causing  direct  contracture  in  the 
muscle,  and  blocking  the  N-  or  M -twitch  response,  by 
about  one  order  of  magnitude.  Further,  the  blocking, 
actions  of  Delb  are  largely  reversible  on  washing,,  and 
the  uncharged  species  at  the  1-5  X  IO-i  m  level  is  able 


I’lo.  2.  Postulated  nodcLfur  interactions  of  llolotliurin  A  and 
protective. ajjent  with  fcrcptiH. 
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fig.  4.  Representative  tracing, of  the  action  oM.O  X  10"1  m  H“  on  the  pressurized  (330  psia)  PN-D  preparation. 


to  afford  significant  elements  of  protection  against  the 
irreversible  destruction  of  twitch  response  'normally 
evoked  by  H~  at  the  1.0  X  10~4  m  level  in  the  bathing 
medium.  These  observations  .are  in  accord  with  the 
design  of  Fig.  2  in  the  sense  that  DcH  binding  at  Ft 
loci  is  blocking  in  character  but  nondestructive,  and 
that  DeH  . bound  at;  Ft  bv  preincubation  prevents  in 
large  measure  the  binding  of  H“  to  Ft  in  destructive 
mode. 

The  chemical  nature  of  receptor  loci  in  the  l’N-D 
susceptible  to  echinodcrm  saponin  inactivation  came 
under  further  scrutiny  (6)with  the  aid  of  purified  sam¬ 
ples  of  two  steroidal  saponins,  Asterosaponins  A  atid  B, 
isolated  from  the  starfish  Aslerias  amurtnsis  Lutken.  The 
two  Asterosaponins,  isolated  and  characterized  in  the 
laboratories  of  Hashimoto  et  al.  (9,,  10),  contain  the 
same  principal  aglycone  moiety  and  a  single  estcrifying 
sulfuric  acid  residue  per  molecule,  but  differ  in  the 
number  and -nature  of  the  sugar  residues1  attached  to 
the  steroid  nucleus.  As  shown  in  the  linear  arrays  of 
Fig.  3,  in  which  the  sugar  positional  sequences  arc 
postulated  by  analogy  with  the  known  sequence  of 
Holothurin  A,  the  Asterosaponin  A  contains  (9)  four 
sugars  all  of  which  are  of  the  reduced  polarity,  06-re- 
duccd  type.  In  contrast,  Asterosaponin 'B  contains  (IQ) 
a  , mixture  of  sugars,  .two  of  which  arc  of  standard  sugar 
polarity  (xylose  and  galactose),  while  the  remaining 
three  are  of  the  G'6-reuuced  type.  The  resulting  differ¬ 
ence  in  net  polarity  of  the  glycosidic  sugar  chains  of  the 
two  Asterosaponins  is  responsible  for  a  surprising  dif¬ 
ferentiation  in  their  apparent  modes  of  action  in  PN-D 
blockade.  Asterosaponin  A  (lowered  polarity)  is  rela¬ 
tively  more  potent  in  blockade  of  indirectly  elicited, 
isotonic  contraction  (N'-twitches)  than  against  responses 
provoked  by  direct  muscle  stimulation  (M-twitches). 
Conversely,  Asterosaponin  B  (h|glr«r:  polarity)  displays 
an  inverted  activity  sequence  in  the  tense  of  the  blockade 
potency  inequality  M-twiteh  >  N-twitch.  It  ^  attractive 
to  correlate  this  finding  with  the  proposition  that  two 
categories  of  saponin-receptor  sites  exist  in  the  PN-D 
tissue  complex  which  are  differentially  sensitive  to  the 
net  surface  polarity  of  the  sugar  “tail”  in  an  attacking 
saponin  molecule.  The  first  category,  exhibiting  pref¬ 
erential  affinity  for  the  terminal  CH3-containing 
residues  in  the  sugar  content  of  Asterosaponin  A,  might 
well  be  located  in  the  neural  segment*  of  the  junction, 
and  specifically  in  or  near  the  myelin-coated  tissue  in 
nerve  fibers  and  terminals.  The  second  category,  re¬ 
sponsive  to  more  highly  jxtlar  adducts,  could  well  favor 
Asterosaponin  B  by  binding  it  preferentially  at  loci  on 
the  postjunctional  membrane,  which  has  been  exten¬ 
sively  documented  in  terms  of  its  ability  to  initiate  de- 


fig.  5.  Effects  of  change  in  total  environmental  pressure  on 
twitch  blockade  indexes  for  H"  and  DcH,  1.0  X  10'*  m,  respec¬ 
tively,  acting, ots. the  isometric  PN-D  preparation. 
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no.  (i.  Effects  of  muscle  loading  (g 'g  of  tissue)  on  potency  of 
1.0  X  10**  m  H*  in  blockade  of  PN-D  twitch  res|M>nscs,  and  in 
change  of  base-line  tension.  Units  on  base-line  tension  axis  are 
relative  to  control  M-twitch  tension  1(H). 
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polarizing-blocking  events  by  the  binding  of  highly 
polar  entities. 

In  another  approach  tothe  investigation  of  saponin  - 
receptor  interaction  properties,  some  interesting  infor¬ 
mation  has  been  obtained  recently  from  studies  with 
the  echinodcrm  saponins  H~  and  DcH  and  the  rat  PN- 
D  preparation  working  in  isometric  mode,  under 
normobaric  (Oi/COj,  1  atm)  and  hyperbaric  (He/N»/ 
Oj/COj)  environmental  conditions.  As  an  example  of 
response  alterations  observed,  Fig.  4  depicts  the  iso- 
tiietric  twitch  responses  of  the  PN-D  preparation  in  an 
experimental  sequence  reading  from  right  to  left,  with 
the  first  response  in  each  twitch  pair  being  the  N-twitch, 
followed  by  the  M-twitch  response.  After  equilibration 
under  1  atm  of  (Os  (95%),  COa  (5%)),  at  point  P  the 
.system  was  pressurized  gradually  to  330  psia  with  (He 
(27%),  Ns  (50%),  Oa  (20%),  CO.  (3%)),  with  no 
evidence- of  deleterious  effect.  At  the  symbol  Tox,  II- 
was  added  to  the  pressurized  tissue  bath  Ringer  in  suf¬ 
ficient  quantity  to  bring  its  concentration  to  1.0  X  10*4 
M.  The  ensuing  phenomena  include  a  relatively  small 
rise  in  base-line  Tension,  and  a  slow  but  progressive  de¬ 
cay  in  N-  and  M-twitch  tensions  over  the  course  of  300- 
400  sec  of  incubation  and  work.  At  the  symbol  D  &  W, 
gradual  decompression  and  Ringer  wash  occurred,  fol¬ 
lowed  by  a  period  under. flush  with  l  atm  of  Oj/OOs 
which  witnessed  furtlier  decay  in  the  twitch  response 
tensions. 

The  effect  of  total  pressure  on  the  efficacy  of  H~  and 
DcH  interaction^  with  the  working  (isometric)  PN-D 
preparation  has  been  determined  at  the  pressure  levels 
14.7,  130,  and  330  psia,  with  results  shown  in  Fig.  5. 
Figure  5  records  the  effects  of  change  in  total  gaseous 
pressure  on  twitch  blockade  indexes  for  N-  and  M- 
twitch  responses,  at  the  reference  time  interval  270-330 
sec  after  addition  cf  sa;x>nm  to  the  bath,  for  H“  and 
Dell  at  1.0  X  '0_l  m,  respectively.  Surprisingly,  it  is 
noted  that  the  degree  of  blockade  by  anionic  H"  is  very 
pressure  dependent  in  terms  of  effects  on  both  X-  and 
M-twitch  responses:  the  effect  of  saponin  falls  sharply 
as  the  total  pressure  is  increased  from  14-7  to  130  psia, 
and  then  increases  somewhat  as  the  pressure  is  raised 
further  to  330  psia.  In  contrast,  the  effect  of  pressure  on 
the  effect  of  Dell  on  PN1)  twitch  responses  is  virtually 
insignificant,  with  very  slight  declines  in  N-  and  M- 
t witch  blockade  potency  being  noted  as  gas  pressure  is 
increased. 

The  second  stress  factor  imposed  on  PN-D  function 
in  isometric  records  Such  as  those  of  Fig.  4  is  that  of 
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muscle  loading.  It  was  of  importance  to  assess  separately 
the  effects  of  muscle  loading  on  the  strength  of  saponin 
interactions  with  the  rat  PN-D  sys  :m.  A  representa¬ 
tive  section  of  this,  study  is  shown  in- Fig.  6,  which  de¬ 
picts  changes  in  magnitude  of  N-  and  M-twitch 
responses  and- base-line  tension  induced  by  1.0  X  10-4 
m  H~  at  1  atm  pressure,  relative  to  presaponin  control 
levels.  Values  tire  plotted  for  the  reference  saponin  in¬ 
cubation  time  of  330., sec,  as  a  function  of  degree  of  load- 
ing.(g/g  of  tissue)  of  tlie  muscli  It  is  seen  that  the  de¬ 
pression  of  both  N-  and  M-twitch  res|>onses  by  1.0  X 
10“4  m  H“  at  this  reference  time  is  pronounced  at  zero 
loading  of  the  muscle,  diminishes  toward  zero  blocking 
potency  as  the  loading  is- increased  over  the  range  2-6 
g/g  of  tissue,  and  then  increases  slightly  as  the  load 
reaches  10  g/g  of  tissue.  Further,  the  base-line  tension 
increase  produced  by  H“  is  seen  to  lie  quite  sensitive  to 
the  degree  of  muscle  loading;  a  relatively  large  increase 
in  base-line  tension  evident  at  low  loading  levels  (0-2 
g/g  of  tissue)  gives  way  to  progressively  smaller  saponin- 
induced  increases  as  the  muscle  load  approaches  8-10 
g/g  of  tissue. 

The  representative  findings  of  Figs.  5  and  6,  pointing 
to  the  effects  of  elevated  environmental  pressures  and 
muscle  loading  factors  on  the  effects  of  H”/DcH  in 
altering  PN-D  response  parameters,  can  be  interpreted 
readily  in  terms  of  characteristics  of  the  saponin-re¬ 
ceptor  model  outlined  in  Fig.  2.  First,  the  observations 
that  initial  increases  in  pressure  and  muscle  loading 
cause  a  sharp  drop  in  the  effect  of  H~  as  a  twitch  block¬ 
ing  agent  are  consonant  with  the  picture  of  F|  sites  for 
II*  binding  as  located- in  a  shallow  surface  crevasse. 
Initial  distortion  of  the  interior  surfaces, of  the  crevasse 
by  pressure  or  loading  could  well  diminish  the  degree  of 
fit  of il~  to  the  Fi  binding  loci.  The  observation  that 
blocking  actions  of'DeH  are  less  pressure  sensitive  than 
those  of  H~,  and  more  reversible  on  washing,  could  in 
turn  be  accommodated  by  the  possibility  that  primary 
Dell  binding  occurs  at  the  top  of  the  crevasse,  in  a 
lesser  proximity  to  F i  loci.  Finally,  the  curious  finding 
that  still  higher  pressures  (near  300  psia)  restore  (Fig. 
5)  some  of  the  H'-blocking  potency  that  is  lost  at  130 
psia  can  be  tentatively  assessed  as  resulting  from  a 
continuation  of  the  pressure-induced  surface  deforma¬ 
tion  leading  to  fuller  exposure  of  functional  Fj  loci  to 
Tl”  attack. 
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